Supplementary
Supplementary Figure S1 : The user starts with a 3D dataset (Hi-C) and a set of points in BED-file format. Top: Toy example of 3D co-localization analysis using Linked Points. The fourth column of the BED file specifies which points that should be linked together (points with the same category will be linked). Bottom: Toy example of 3D co-localization analysis using Linked Valued Points. By additionally specifying a value (for example 0 and 1) using a comma-separated list, the values will be added to each of the elements in the linked track. The resulting track will upload to the History pane, and can then be selected for analysis of 3D-colocalization. Figure S2 : Toy example of 3D co-localization analysis using Linked Points in a case/control statistic. The user starts with a 3D dataset (Hi-C) and two sets of points in BED-file format. The fourth column of the two BED files specifies which points that should be linked together (points with the same category will be linked). The resulting track will upload to the History pane, and can then be selected for analysis of 3D-colocalization of the case-links.
Data representation in HiBrowse
The Hi-C method produces interaction frequencies between restriction fragments of different lengths spanning the entire genome. When these data are represented, the interaction frequencies are aggregated into bins of a pre-selected size (typically between 100kb and 1Mb), giving rise to datasets of different resolutions (see Supplementary Table S1 ). In the HiBrowse data repository, all Hi-C data have been aggregated and pre-processed using the hiclib-package [3] . This procedure is performed separately on different bin-sizes.
It is up to the user to decide the appropriate resolution for a given analysis. On a general note, it is often advisable to use as small bin-sizes (high resolution) as possible, since doing so will provide a more detailed representation of the chromatin 3D structure. However, smaller bin-sizes are generally more noisy, and can take up much more computing resources and running time. Therefore, the best strategy is often to start an analysis on the lowest resolution (typically 1Mb), and then proceed to higher resolutions if the results of the initial run were as expected. Performing analyses at different resolutions, also provides a good quality check of generality and re-producibility of the results.
In HiBrowse, all data is represented using the GTrack format, a genomic track type format for uniform representation of all types of genomic data (see [2] for a detailed discussion). Hi-C (and similar) data is represented using a GTrack type called Linked Genome Partition (LGP), where bins (genome partitions) are linked to each other using weighted edges.
To represent the query set in HiBrowse, either Points (P) or Linked Points (LP) types can be used, depending in whether the user wants to analyze general (all-vs-all) 3D colocalization or specific 3D co-localization between selected pairs of elements. Linked Points (LP) are therefore used when the user wants to specify particular interactions between particular points (see Supplementary Figure S1 and S2). The point-track represents the genomic positions in the query set, and is used to identify the intersecting bins (genome partitions) in the Hi-C dataset that should be considered for analysis. In HiBrowse, segments (such as genes, chromatin states, etc.) can still be supplied, but the user must specify what position of the segment that should be used, such as the upstream, middle or downstream position.
We start by defining a i as a genomic element with position i on chromosome a. Let m a i b j be the 3D interaction frequency between genomic elements a i and b j , where b can refer to the same chromosome as a (intrachromosomal), or a different one (interchromosomal). We then define the linear sequence-based distance between these elements as δ = |j − i| if they are on the same chromosome, and δ = ∞ otherwise.
Query track as points (P)
Test 1: Genomic elements more/less co-localized in 3D?
Given a set of genomic elements (as Points) it is possible to ask whether the set of elements of interest (the query track Q) are closer or further away from each other in 3D than expected by chance. For example, it could be of interest to know if a set of genes are proximal in the nucleus, such as in transcription factories.
The hypotheses in this case are:
The set of elements in the query track (Q) have the same 3D co-localization as a random set.
• H 1 : The set of elements of the query track (Q) have more/less/different 3D colocalization than a random set.
We previously showed [8] that this can be analyzed using a permutation test with the following test-statistic:
where M corresponds to the number of contacts in the query track (Q), and m * a i b j is defined as:
whereÊ(m|δ) is the conditional expectation of m given the sequence-based distance, and sd(m|δ) is similarly the conditional standard deviation. The permutations in this case are performed by randomly selecting new query sets conserving consecutive distances and possibly other properties, to take into account correlation between 3D interactions, as explained in [8] .
Test 2: Genomic elements in query track 1 more/less co-localized with track 2 in 3D?
When we have two query tracks we can ask the question of whether the set of elements in query track Q 1 are co-localized in 3D with the elements in query track Q 2 . We are then only interested in the contacts between the two tracks. An example of such an analysis, could be to see if a set of enhancers are close to a set of promoters, without considering the exact promoters and enhancers that contact each other. The test-statistics is then as follows:
Here, randomization is performed as above, but now either on track 1, keeping track 2 fixed, or vice versa, or on both.
When we only randomize the elements in one track, we test the hypotheses:
• H 0 : The 3D co-localization between the set of elements in the first query track (Q 1 ) and the second query track (Q 2 ), is the same as the 3D co-localization between elements in the first query track (Q 1 ) and a random set.
• H 1 : The 3D co-localization between the set of elements in the first query track (Q 1 ) and the second query track Q 2 ), is more/less/different than the 3D co-localization between elements in the first query track (Q 1 ) and a random set.
When we randomize both query tracks, we have the hypotheses:
• H 0 : The 3D co-localization between the set of elements in the first query track (Q 1 ) and the second query track (Q 2 ), is the same as the 3D co-localization between elements in two random sets.
• H 1 : The 3D co-localization between the set of elements in the first query track (Q 1 ) and the second query track (Q 2 ), is more/less/different than the 3D co-localization between elements in two random sets.
Query track as linked points (LP)
Test 3: Linked elements more/less co-localized in 3D?
For a linked query track, the links define the pairs of elements to be included in the teststatistic. For example, we could be interested in testing whether some specific enhancers contact some specific promoters, or whether specific pairs of genes are close to each other. The test-statistic then becomes:
where link(a i , b j ) returns 1 if the contact between elements a i and b j is of interest, and 0 otherwise. In this case, the permutation is done by shuffling the links between the elements in Q. Again it is important to add some restrictions in the resampling, to account for the correlation structure in the 3D data, so the shuffling of links is done by preserving the exact number of links involved for each element, and then re-assigning the point IDs of each element randomly (corresponding to node label randomization in graph theory). This corresponds to the following hypotheses:
• H 0 : The linked elements in Q have the same 3D co-localization as a random set of linked elements in Q.
• H 1 : The linked elements in Q have more/less/different 3D co-localization than a random set of linked elements in Q.
Maintaining values
It is possible to mark all elements in Q with a value (for example active/inactive or open/closed), and put this as a restriction in the randomization. If such values are specified, the shuffling of links is done such that links are only swapped between elements of the same type.
Test 4: Case-links more/less co-localized in 3D?
For linked query tracks with case/control labels on each link, it is possible to specify exactly what links should be part of the randomization. This test could be preferable when a subset of elements from a larger, pre-defined set are of interest. This could for example be the case if one wants to see if a set of genes with differential expression are more co-localized in 3D than all the genes in the study. The test-statistic then becomes:
where caselink(a i , b j ) returns 1 if the contact between elements a i and b j is a link labeled 'case', and 0 otherwise. Here, permutations are done on the case/control labels. This corresponds to the following hypotheses:
• H 0 The case-linked elements in Q have the same 3D co-localization as resampled caselinked elements in Q with random 'case' and 'control' labels.
• H 1 The case-linked elements in Q have more/less/different 3D co-localization than resampled case-linked elements in Q with random 'case' and 'control' labels.
Identifying significant differences between two 3D tracks
When we have 3D interaction frequencies (Hi-C data) from two different groups, for example treated ("case") and untreated ("control") cells (possibly with replication), it is often interesting to find out which of the interactions that are significantly higher or lower between the two groups. This type of analysis is similar to detecting differentially expressed genes. More formally, for each 3D interaction between a i and b j we test for significant differences between the two groups based on 3D interaction frequency m a i b j . We assume that m a i b j follows a Negative Binomial distribution, and perform tests of differences using the edgeR package [10] . The dispersion parameter can be estimated globally, or for each individual pair a i , b j . The user selects and assigns each uploaded dataset into one of the two groups (case and control), and the tool then reports all significant differences.
Enrichment score
As described in [8] for Test 1, it is possible to calculate an enrichment score (the degree of 3D co-localization), by the ratio of observed over expected interaction frequencies. The Enrichment Score (S) for query track of interest Q is then S =m Q /Exp.
Enrichment score for Test 1
The weighted mean of observed interaction frequencies is whereÊ Q = a i ,b j ∈Q w δ ·Ê(m|δ), and by using the randomized set Q r for r ∈ (1, · · · , R)
we calculate B Qr as B Qr =m Qr −Ê Qr . For more details see [8] .
It is trivial to expand these calculations for the situation in 
